Introduction
Chronic obstructive pulmonary disease (COPD) is a progressive disease characterized by chronic airway inflammation and lung parenchyma destruction. As a common complication of COPD, pulmonary hypertension eventually leads to right ventricular hypertrophy and cardiac failure, which increases the risk of exacerbation and decreases survival. 1 Vascular remodeling and hypoxic vasoconstriction in pulmonary small arteries were thought to be an important pathological basis of pulmonary hypertension in COPD patients. 2 Pulmonary vascular remodeling is considered to result from chronic hypoxia, persistent inflammation, and loss of capillaries. [1] [2] [3] Although many studies in patients or animal models have demonstrated the critical role of multiple growth factors or pathways (such as prostacyclin, nitric oxide, and endothelin) in pulmonary vascular remodeling, knowledge of the precise mechanism underlying this process in COPD remains limited. [4] [5] [6] [7] [8] As a subfamily of the nuclear receptor superfamily, NR4A contains three kinds of mammalian nuclear receptors: NR4A1 (Nurr77), NR4A2 (Nurr1), and NR4A3 (neuronderived orphan receptor 1[NOR1]). 9 Acting as a kind of earlyresponse gene, NOR1 could respond rapidly to various extracellular stimuli. 10 NOR1 has been proven to promote nervous system development and metabolism. 10, 11 Recent reports demonstrated that NOR1 activation also played an important role in vascular diseases, such as atherosclerosis and vascular neointima formation after injury. 12, 13 However, it remained unclear whether NOR1 activation was involved in pulmonary vascular remodeling of COPD.
Some previous reports demonstrated that NOR1 stimulated smooth muscle cell proliferation, endothelial cells survival, cells apoptosis, and adherence. [14] [15] [16] [17] [18] [19] By regulating downstream target gene transcription, NOR1 exerted distinct effects on the aforementioned cellular processes. As a key checkpoint of cell cycle, cyclin D1 has been proven to be a target of NOR1. 12, 15 Although our previous studies indicated the critical role of cyclin D1 in PASMC proliferation and pulmonary remodeling, 20, 21 we cannot confirm whether cyclin D1 was a downstream target gene of NOR1 in hypoxia-induced pulmonary vascular remodeling or PASMC proliferation.
So, in this study, we focused on the role of NOR1 upregulation in hypoxia-induced PASMC proliferation and pulmonary vascular remodeling in COPD patients.
Patients and methods reagents
Rabbit polyclonal antibody against GAPDH (sc-367714) human cyclin D1 (sc-718) or smooth muscle myosin heavy chain 11 (ab53219) and mouse monocloal antibody against smooth muscle actin (sc-53142) or BrdU (sc-32323) were all purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Rabbit polyclonal antibody against human NOR1 was purchased from Abcam (ab188752; Cambridge, MA, USA). Lipofactimine 200, TaqMan gene expression assays, and Trizol were purchased from Invitrogen Biotechnology, Inc. (Waltham, MA, USA). The specific siRNA targeted for human NOR1 gene (NOR1-siRNA) and negative-control siRNA (NC-siRNA) were synthesized by Shanghai Bio-Engineering Co. Ltd (Shanghai, People's Republic of China).
subjects
Human lung samples were obtained from 26 male patients who underwent pneumonectomy for lung volume reduction or lung carcinoma from January 2012 to December 2013 in our hospital. Lung tissue samples were obtained from normal appearing areas of the pulmonary parenchyma as far as possible from the tumor (at least 2 cm). Pulmonary function tests were performed before surgery in all patients. The arterial blood gas analysis was checked at least twice (at admission and before operation) with a blood gas analyzer (ABL-90; Radiometer Medical Aps, Copenhagen, Denmark). This study was approved by the research ethics committee of the First Affiliated Hospital of Soochow University, and written informed consents were obtained from all subjects.
Tissue preparation and morphometric analysis
Peripheral lung samples were treated with 4% (w/v) paraformaldehyde before embedding in paraffin. Samples were cut into multiple 5-μm-thick sections and then stained with hematoxylin and eosin (HE) for the morphological analysis under an optical microscope. The measurement was limited to medium and small arteries (#500 μm diameter) with complete circumferential smooth muscle layer. As described previously, 21 the vessel wall thickness was expressed as a percentage of the external diameter [(external diameter − internal diameter)/external diameter × 100%].
Immunohistochemistry
Sections were deparaffinized, rehydrated, and then soaked for antigen retrieval with citrate buffer. Primary antibody was added and incubated at 4°C overnight. Mouse monocloal antibody against α-smooth muscle actin (α-SMA, 1:500) and smooth muscle myosin heavy chain 11 (ab53219) were used as primary antibodies. Relative IgG was used as negative control instead of primary antibody. Then, the sections were incubated with secondary antibody with a commercial SP kit (Zhongshan Golden Bridge Biotech Co., Beijing, People's Republic of China). Immunoreactivity was visualized with diaminobenzidine.
Cell cultures
As our previous report described, 20 primary human PASMCs were separated from control subject and cultured in highglucose Dulbecco's Modified Eagle's Medium (DMEM). The distal pulmonary arteries were separated from the lung tissue of control subject and incubated in Hanks' solution containing collagenase (1.5 mg/mL) for 15 min. After the adventitia layer and endothelium were carefully removed, the smooth muscle explants were digested with elastase (0.5 mg/mL) and collagenase (2.0 mg/mL) for 40 min at 37°C. The smooth 
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association of nOr1 with pulmonary vascular remodeling muscle explants and digestive liquid were centrifuged at 1,000 rpm. The supernatants were removed and the sediments were washed twice with DMEM. All the sediments were diluted with DMEM and seeded into a 25-50 mL bottle. Cells were grown in DMEM containing 10% fetal bovine serum (FBS), streptomycin (100 mg/mL), and penicillin (100 U/mL) in a humidified incubator at 37°C (5% CO 2 , 21% O 2 ). Passage 3-10 cells were used for all experiments. Before different treatment, cells were starved in serum-free media for 24 h.
Cell treatment with sirna transfection or CDK4/6 inhibitor
For the transfection of human NOR1-specific siRNA (NOR1-siRNA), cells were grown to 70% confluence. The siRNA was mixed with Lipofectine 2000 (Invitrogen) according to the manufacturer's instructions and then added to human PASMCs. Efficiency of transfection was assessed by monitoring the uptake of siRNA labeled with 6-carboxyfluorescein. Six hours after siRNA transfection, cells were cultured in hypoxia or normoxia with DMEM containing 2% FBS and then used for subsequent experiments. Hypoxia was achieved using a chamber equilibrated with a water-saturated gas mixture of 5% O 2 , 5% CO 2 , and 90% N 2 at 37°C. The specific siRNA sequences targeting human NOR1 gene have been described as previous report: 21 sense 5′-GCGUACAGAUAGUCUGAAATT-3′ and antisense 5′UUUCAGACUAUCUGUACGCTT3′. For preventing the function of cyclin D1, a CDK4/6-specific inhibitor PD0332991 was used as a blocker of cyclin D1-CDK4/6 complex. Cells were treated with PD0332991 (1 μmol/L) for 24 h and then cultured in hypoxia or normoxia with DMEM containing 2% FBS before subsequent experiments.
Western blot
After different treatments, whole protein was extracted from human PASMCs. The protein content was determined using Bradford reagent. A total of 50 μg protein was subjected to SDS-PAGE. NOR1 or cyclin D1 proteins were detected by immunobloting with antibodies against human NOR1 (1:200; Abcam [ab188752]) or cyclin D1 (1:300; Santa Cruz). The horseradish peroxidase-conjugated goat anti-rabbit IgG was used as the secondary antibody (1:1,000; Santa Cruz). Immunoreactivity was detected using an enhanced chemiluminescence kit according to the manufacturer's instructions. The values of optical density of the visualized blots were analyzed with a gel imaging analysis system. GAPDH was used as control. The values of the relative density of target protein brand were normalized to the relative density of GAPDH.
Cell count and BrdU incorporation assay
Cells were plated into 6-well plates at a concentration of 4×10 4 cells/well. After treatment, cells were collected by trypsin digestion and total cell numbers were calculated with a hemocytometer (Cellometer Auto T4; Nexcelom Bioscience, Lawrence, MA, USA) after trypan blue exclusion.
For BrdU incorporation assays, cells were seeded into 24-well plates at a density of 1×10 4 cells/well. After different treatments, cells were incubated with 50 mM BrdU (SigmaAldrich, St Louis, MO, USA) for 4 h at 37°C and then fixed with cold acetone. Cells were permeabilized with 0.5% Triton X-100 and subsequently incubated with primary antibody (mouse anti-BrdU, 1:200; SantaCruz) and secondary antibody (goat anti-IgG, 1:1,000; SantaCruz) for 1 h at 37°C. Nuclei were stained using DAB. PBS instead of the primary antibodies was used as negative control. BrdU incorporation was expressed as the percentage of BrdU-positive cells.
statistical analysis
All data are expressed as mean ± standard deviation and analyzed by t-test or one-way analysis of variance and followed by q-test using the computer software SPSS version 12.0 (SPSS Inc., Chicago, IL, USA). For all tests, P,0.05 was considered statistically significant.
Results

Clinical data
The baseline characteristics of all subjects are shown in Table 1 . All subjects were male. There were no differences between the two groups with regard to age, body mass index, and smoking index. As expected from the selected criteria, the partial pressure of arterial oxygen of COPD patients with hypoxemia was markedly lower compared with those with normoxia (68.5±9.4 mmHg vs 86.3±11.6 mmHg, P,0.05). Although the forced expiratory volume in 1 second/fixed vital capacity ratio was similar, the forced expiratory volume in 1 second (% predicted) in hypoxemia patients Pulmonary vascular remodeling and nOr1 overexpression in COPD patients with hypoxemia
The lung tissue that was HE stained in each patient was focused on intermediate vessels (50-500 μm) for evaluating pulmonary vascular remodeling. As expected, the pulmonary vascular wall thickness and muscularized vessels ratio in COPD patient with hypoxemia were both significantly higher than in those with COPD with normoxia ( Figure 1A , C, and D). Similar to this, the α-SMA protein expression in lung tissue of the hypoxemia patient was markedly higher than in normoxic patients ( Figure 1B and E) . Furthermore, we detected HIF-1α, NOR1, and cyclin D1 protein expression in explants of pulmonary artery of all subjects. As shown in Figure 1E and F, HIF-1α, NOR1, and cyclin D1 protein levels in explants of pulmonary artery in hypoxemia patients were higher than in normoxic patients. These results demonstrate the vascular remodeling and NOR1 upregulation in pulmonary vessels of COPD patients with hypoxemia.
hypoxia induced cell proliferation and nOr1 overexpression
To explore the role of hypoxia in PASMC proliferation in COPD patients, we separated human PASMCs (Figure 2A ) and stimulated it under hypoxia. As shown in Figure 2B , hypoxia (5% O 2 ) stimulated cell proliferation in a timedependent manner. Hypoxia also upregulated HIF-1α and NOR1 protein expression significantly ( Figure 2C and D) . (evaluated by BrdU incorporation) when compared with normoxia ( Figure 2E and F) . These results showed that hypoxia not only induced NOR1 overexpression but also enhanced cell proliferation and DNA synthesis.
Specific siRNA prevented hypoxiainduced nOr1 overexpression and cell proliferation
A specific siRNA of human NOR1 gene was used for the loss-of-function analysis. Although hypoxia (5% O 2 , 48 h) induced NOR1 upregulation in human PASMCs, NOR1-specific siRNA significantly suppressed hypoxia-induced NOR1 upregulation by about 70% (Figure 3A and B). But NC-siRNA did not affect NOR1 protein levels in cells subjected to hypoxia. Additionally, hypoxia induced higher BrdU incorporation ratio and cell count compared with normoxia ( Figure 3C-E) .
However, NOR1-specific siRNA markedly reduced BrdU incorporation and cell count in hypoxic cells ( Figure 3C-E) . NC-siRNA did not affect BrdU incorporation or cell count in hypoxic cells. These results showed that a specific siRNA not only successfully knocked down NOR1 protein expression but also suppressed DNA synthesis and proliferation in hypoxic cells.
exodus nOr1 overexpression promoted hypoxia-induced cell proliferation and Dna synthesis
For gain-of-function analysis, we constructed a NOR1 overexpression plasmid and transfected human PASMCs. The transfection of this plasmid significantly elevated NOR1 protein levels not only in normoxic cells but also in hypoxic cells ( Figure 4A and B) . The cell count and BrdU incorporation in NOR1-overexpressed cells were both significantly 
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Wang et al higher than that of controls before and after hypoxia stimulation ( Figure 4C-F) . These results showed that exodus NOR1 overexpression promoted proliferation and DNA synthesis in both normoxic and hypoxic cells.
Cyclin D1 as target of nOr1 in hypoxiainduced cell proliferation
Cyclin D1, as a target gene of NOR1, has been demonstrated to promote cell proliferation. Based on this, we tried to uncover whether NOR1 regulated cyclin D1 expression in human PASMCs. As shown in Figure 5A and B, exodus NOR1 overexpression significantly raised cyclin D1 protein levels. Although hypoxia upregulated cylin D1 protein levels in human PASMCs, NOR1-specific siRNA significantly suppressed cyclin D1 protein expression by about 58% in hypoxic cells as compared with NC-siRNA ( Figure 5C and D) .
In addition, we used CDK4/6-specific inhibitor PD0332991 as a blocker for cyclin D1 function. Although PD0332991 did not inhibit cyclin D1 protein expression, it still markedly lessened BrdU incorporation and cell count in hypoxic cells (Figure 5E-G) . These results showed that CDK4/6-specific inhibitor PD0332991 could successfully prevent hypoxia-induced proliferation and DNA synthesis. Taken together, cyclin D1 might be a target gene of NOR1 to enhance proliferation in hypoxic PASMCs.
Discussion
Our study demonstrated the upregulation of NOR1 in pulmonary vascular remodeling in COPD patients with hypoxemia. Moreover, cyclin D1 might be the target of NOR1 in promoting proliferation. This was similar to recent reports which demonstrated that NOR1 also plays an important role in cardiovascular disease, such as neointima formation after vascular injury and atherosclerosis. 12, 13 Taken together, NOR1 might participate not only in systemic vascular diseases but also in pulmonary vascular diseases. However, it remains 
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association of nOr1 with pulmonary vascular remodeling unclear whether the molecular mechanism underlying pulmonary vascular remodeling was similar to that in systemic vascular diseases.
As a transcriptional regulator, NOR1 is involved in cells proliferation, apoptosis, differentiation, and survival. [13] [14] [15] [16] NOR1 has been implicated in promoting systemic vascular SMC proliferation. [11] [12] [13] [14] [15] [16] But the role of NOR1 in pulmonary vascular diseases remains unknown. In this study, both hypoxia and exodus NOR1 overexpression enhanced human PASMC proliferation via NOR1 pathway. These revealed the role of NOR1 in augmenting PASMC proliferation, which was similar to previous reports in systemic vascular SMCs. 12, 14, 17, 18 So, we conclude that NOR1 induced SMC proliferation not only in systemic vessels but also in pulmonary vessels.
NOR1 could be activated rapidly in response to various extracellular stimuli, including serum, platelet-derived growth factor (PDGF), thrombin, insulin-like growth factor (IGF), and epidermal growth factor (EGF). 10, 11, [14] [15] [16] Our previous study demonstrated that FBS induced NOR1 upregulation in human PASMCs in vitro. 22 In this study, NOR1 could be upregulated in hypoxic conditions in human PASMCs. Although previous studies revealed that hypoxia stimulated NOR1 in survival response of endothelial cells, 15 there was no report demonstrating the regulation of hypoxia in NOR1 in smooth muscle cells. This study was the first report showing hypoxia-stimulated NOR1 upregulation in human PASMCs. Moreover, this regulation induced proliferation and inhibited apoptosis. This mechanism might be involved in pulmonary vascular remodeling in COPD. Those results revealed the different role of NOR1 as a transcriptional regulator in different cells or tissue, even under the same stimuli.
NOR1 plays a role in different cellular processes via regulating the transcription of downstream target genes. 9, 10, 15, 19, 23 International Journal of COPD 2018:13 submit your manuscript | www.dovepress.com
Dovepress
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association of nOr1 with pulmonary vascular remodeling Our previous study indicated that cyclin D1 might be a potential downstream target gene of NOR1 in serum-stimulated PASMCs. 23 In this study, cyclin D1 was upregulated by exodus NOR1 overexpression and downregulated by NOR1-specific siRNA in PASMCs. This showed that NOR1 might upregulate cyclin D1 expression in hypoxic PASMCs. The result was similar to our previous study in serum-stimulated PASMCs and previous reports in endothelial cells. 15, 19, 23 In response to mitogenic signals, NOR1 could bind as monomers to the nerve growth factor-induced clone B response element (NBRE) site in the promoter of target genes in SMC or endothelial cells. In this way, NOR1 might also augment cyclin D1 gene expression in hypoxic or serum-stimulated PASMCs.
Although NOR1-specific siRNA or cyclin D1-CDK4/ 6-specific inhibitor significantly prevented hypoxia-induced PASMC proliferation, neither of them suppressed cell proliferation completely. This might be due to two reasons. First, a specific siRNA was designed that binds to target RNA and does not integrate into the genome. So, siRNA only showed a transient effect on gene expression and did not suppress target genes completely or persistently. Second, some other genes or transcriptional factors besides NOR1 might be also involved in hypoxia-induced PASMC proliferation. Furthermore, cyclin D1 was not the only target gene of NOR1 in this process. Other genes might be also regulated by NOR1 in PASMCs, such as S-phase kinase-associated protein 2. 24 Thus, more studies are needed to explore the mechanism of NOR1 in hypoxia-induced PASMC proliferation and pulmonary vascular remodeling.
There are some weaknesses in our study. First, we only examined NOR1 in pulmonary vascular remodeling in vitro. Further research in hypoxic animal models might benefit in uncovering the precise mechanism underlying hypoxia-induced pulmonary hypertension. Second, we used RNA interference technique (siRNA) for NOR1 gene knockdown in cells. The NOR1 gene knockout transgenic animals would be more helpful to reinforce our conclusion.
Conclusion
In conclusion, our study indicated that NOR1 upregulation was associated with hypoxia-induced pulmonary vascular remodeling in COPD patients. Cyclin D1 was a downstream target of NOR1 that regulates proliferation in hypoxic PASMCs. This pathway might play a role in hypoxia-induced pulmonary vascular remodeling in COPD. But the precise molecular mechanism underlying this process remains unclear. Further in vivo study is needed before NOR1 can become a potential target of pulmonary vascular remodeling therapy in COPD.
